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We report on electro optical tuning of the emission from GaAs quantum wells resonantly coupled
to a Tamm-plasmon mode in a hybrid metal/dielectric structure. The structures were studied via
momentum resolved photoluminescence and photoreflectance spectroscopy, and the surface metal
layer was used as a top gate, which allowed for a precise tuning of the quantum well emission via
the quantum confined Stark effect. By tuning the resonance, we were able to observe the character-
istic anticrossing behavior of a polaritonic emission in the strong light-matter coupling regime,
yielding a Rabi splitting of (9.26 0.2) meV.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4901023]
Exciton-polaritons are bosonic quasiparticles composed
of excitons and photons, which reveal rich and compelling
physics suitable for studying collective phenomena of Bose
gases in semiconductors.1,2 Their effective mass is about
105me (me being the free electron mass), and their critical
temperature for Bose-Einstein condensation (BEC) can
therefore exceed 300K, which makes them very appealing to
study bosonic condensation up to room temperature3–5 and
allows observing fascinating related effects such as superflu-
idity6 and the formation of vortices and solitons.7,8
A model-system to implement this vivid physics is given
by quantum wells (QWs) integrated into a high-quality micro-
cavity between two dielectric Bragg mirrors (DBRs), where
the formation of exciton-polaritons can be established via the
interaction of microcavity photons with QW-excitons in the
strong coupling regime. In addition to several well-studied
structures, strong light-matter interaction has also been
reported for QW-excitons resonantly coupled to a Tamm-
plasmon mode inside a hybrid metal/dielectric structure.9
Tamm-plasmon (TP) modes appear as localized electro-
magnetic modes at the boundary between a metal layer and a
DBR analogous to purely electronic Tamm-states evolving
at a crystal surface.10 Since the first experimental observa-
tion of TP-modes by Sasin et al.,11 various structures based
on this fascinating new type of excitation have been theoreti-
cally proposed, anticipating, e.g., resonant coupling of TP-
polariton states to optical microcavity modes,12,13 nonlinear
effects, such as optical bistability due to field enhancement
in hybrid metal/dielectric structures,14 or integrated circuits
based on plasmon-exciton-polaritons.15 Experimentally,
laser oscillation from hybrid metal/semiconductor structures
has been observed.16
Similar to Fabry-Perot cavity resonances, TP-modes
appear as sharp dips in the photoreflectance spectra and show
a parabolic in-plane dispersion of the photons. Additionally,
the eigenenergies of the resonant photons depend both on the
thickness of the metal film and the thickness of the adjacent
dielectric layer, which can be easily designed to match a reso-
nance across almost the entire photonic band gap of the
DBR.10 The tight localization of the electromagnetic field,
which is essential for the observation of light-mater interac-
tion in the strong-coupling regime, is achieved due to the neg-
ative refractive index of the metal on the one side and due to
the photonic band gap of the DBR on the other side of the
interface. In addition, the fabrication of these structures is rel-
atively simple.
A further advantage of such hybrid metal/dielectric
structures is their tunability, which arises from the close
proximity of the active layer and the metal film. The latter
can be easily utilized as an electric contact with high optical
transmission, as the TP-mode provides a pathway for reso-
nant photon tunneling.17 In this work, we take full advantage
of this approach and present an electrostatic tunable device
based on a hybrid metal/DBR structure, embedding QWs
coupled to a TP-mode for operation in the strong coupling
regime.
The investigated samples were fabricated on an n-doped
GaAs (001) substrate with a dopant concentration of
5 1018cm3 by solid-source molecular beam epitaxy. The
epitaxial structure is made up of a bottom DBR and a top
layer embedding 3 multiple QW stacks. The DBR consists of
20.5 Al0.2Ga0.8As/AlAs mirror pairs, where the first 18.5 mir-
ror pairs were n-doped with a dopant concentration of
1 1018cm3, dropping exponentially to 5 1017cm3 over
the last two mirror pairs. The thicknesses of the DBR-layers
were designed to match the photonic band gap and the QW-
emission at the center of the wafer. The top layer consists of
Al0.2Ga0.8As and contains a total of eight GaAs QWs in a 2/4/
2 configuration emitting at 1.598 eV at 10K. The thickness of
this layer was designed to match the eigenenergy of the TP-
mode and the QW-emission. The QWs were placed at the
antinodes of the electromagnetic field to enhance the light-
matter interaction. In order to improve the carrier confinement
and to suppress undesired tunnel losses in the presence of an
electric field, the QWs are separated by 4 nm thick AlAs bar-
riers. The structure was capped by 10 nm GaAs to avoid
oxidation. In Fig. 1(a), a cross-section scanning electron
microscope image of the structure is depicted. After growth, a
40 nm thick SiO2 isolation-layer was deposited on top of the
structure to suppress current leakage when a voltage is applied
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across the sample. Finally, a 40 nm thick gold (Au) film was
deposited on the surface of the structure by thermal evapora-
tion. In Fig. 1(b), the refractive index profile of the structure
is shown together with the expected intensity of the electric
field, which was calculated by eigenmode expansion using
the software CAMFR.18 The inset shows the calculated reflec-
tivity spectrum of the structure, which reveals the characteris-
tic optical resonance corresponding to the TP-mode. In Fig.
1(c), the expected evolution of the TP-mode is shown as a
function of the thickness of the topmost dielectric layer,
which was calculated using the transfer matrix method. It can
be clearly seen that the TP-mode shifts across the photonic
band gap of the DBR with the increase in thickness of the top
layer, and modes reappear periodically when the thickness is
further increased, which agrees with previous reports.19 The
periodic appearance of the TP-mode is very useful, as it
allows to design the top layer with a sufficient thickness to
embed several active layers at the respective maxima of the
field intensity. Further, the decrease of the layer thickness in
the outward radial direction of the wafer can be exploited to
spectrally tune the TP-resonance. An unstructured sample
with a planar Au-film on top of the SiO2 layer was used for
basic characterization. For the Stark tuning experiments,
metal discs with a diameter of 20lm were defined on the
SiO2 layer by electron beam lithography, evaporation of a
40 nm gold layer and lift off. The discs are connected to a
bond pad by thin Au-stripes as shown in Fig. 1(d).
First, we have investigated the unstructured sample, cov-
ered by a continuous gold layer. We measured the photolumi-
nescence (PL) in a Fourier space PL setup with micrometer
spatial resolution. This setup is composed of a standard
micro-PL configuration with an additional far field lens to
convert the real space image into the momentum-space
(k-space) image.20 It allows a direct acquisition of the
momentum-energy dispersion by imaging the Fourier plane
on a two-dimensional CCD sensor. We recorded the PL of the
sample, carried out under non-resonant excitation (920lW) at
a sample temperature of 6K, as a function of the wafer posi-
tion in 0.5mm steps and extracted line spectra from the data
at k¼ (0.06 0.1) lm1. In Figs. 2(a) and 2(b), one can see
the PL-spectra, taken at different positions of the wafer and
the analysis of the emission energy and linewidth (inset) of
the corresponding peaks. A clear evidence of the characteris-
tic anticrossing is observable with a Rabi splitting
ERS ¼ (8.06 0.3) meV at 6.0mm distance from the center of
the wafer (Fig. 2(b)). We also observe an exchange of the
linewidth of the two polariton peaks (inset Fig. 2(b)) which
supports our interpretation of the experiment as operation in
the strong coupling regime. We further note the presence of
the unbound exciton which remains unaffected in energy and
linewidth throughout this resonance tuning experiment, which
is in agreement with previous reports.21
In order to investigate the electro-optical tuning characteris-
tics of our structure, we studied the sample with the electrically
FIG. 1. (a) Scanning electron microscopy (SEM) image of grown structure, consisting of a bottom DBR with 20.5 Al0.2Ga0.8As/AlAs mirror pairs and an
Al0.2Ga0.8As top layer with eight embedded GaAs QWs. (b) Calculated intensity profile of the electric field inside the structure. On the right scale (blue), the
refractive index profile of the correspondent layers is displayed. The inset displays the calculated reflectivity spectrum. (c) Calculated reflectivity spectra as a
function of the top layer thickness, showing the TP-mode, which shifts to lower energies with increasing thickness and reappears periodically, when the thick-
ness is further increased. The blue marking and arrow indicate the spectral position of the TP-mode derived from experimental data for the given thickness of
the top layer in the actual structure. (d) Surface SEM image of the structured sample, showing electrically contactable 20lm gold discs for Stark tuning
experiments.
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contacted gold discs in greater detail. We first discuss the volt-
age/current characteristic of the device. The current through the
sample was determined from the voltage drop across a 1kX se-
ries resistance which was inserted between the voltage source
and the sample. Negligible leakage current was observed for
voltages in the range from5V toþ7V.
For Stark tuning measurements, the sample was held at
6K and investigated via white light reflection. A pinhole in
the focal plane of the far field lens was introduced for spatial
selection of the signal stemming from one 20 lm disc. Fig.
3(a) displays the momentum resolved spectrum at different
applied voltages. The exciton-photon detuning for this par-
ticular disc was determined to be 9.5meV at zero applied
voltage. From the linewidth of the polariton resonances, we
can extract a quality factor of 350. With increasing voltage
in reverse direction, the exciton is subject to a spectral
redshift, as one can extract from the measurement carried
out at þ3.0V and þ5.8V (indicated by the white arrows).
Fig. 3(b) shows the analysis of the complete electrical tuning
experiment. The upper and lower polariton branch are sub-
ject to a distinct redshift and exhibit a Rabi splitting of
ERS (9.26 0.2) meV, which slightly exceeds the value deter-
mined by the spatial variation of the detuning as a conse-
quence of modest carrier screening effects.22 From the
extracted Rabi splitting, we can assess the oscillator strength
per unit area of our QWs, which is in good agreement with
previous reports23






¼ 6:4560:14ð Þ  1012cm2:
Here, Leff (1.41 lm) denotes the effective cavity length and
ERS the Rabi-splitting.
We can calculate the bare TP-mode (ETP) and exciton
mode (Eexc) from the measured data using the extracted Rabi
splitting ERS with ELP and EUP being the energy of the lower
and upper polariton branch, respectively24
ETP=exc ¼ 1
2
E LP þE UP6
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2LP  2E LP E UP þE2UP E2RS
q 
:
The resulting spectral position of the bare TP-mode for
the given thickness of the top layer is in excellent agreement
FIG. 2. (a) Photoluminescence spectra
taken at different positions of the
unstructured sample. (b) Analysis of
the spectra taken in Fig. 2(a) after fit-
ting with three Lorentzian peaks. The
black and blue data points correspond
to the lower and upper polariton
branch. The red data points are attrib-
uted to the uncoupled exciton.
FIG. 3. (a) Momentum resolved photo-
reflectance spectra from a 20lm gold
disc. The images show the dispersion
recorded at the indicated voltages. With
the increase in voltage, the emission
shifts red while the dispersion of the
lower branch flattens. Correspondingly,
the curvature of the dispersion of the
upper branch increases. (b) Analysis of
the measurements taken in Fig. 3(a).
For positive voltages, the Stark tuning
reveals the anticrossing with a Rabi
splitting of (9.26 0.2) meV. The bare
TP-mode and exciton are calculated out
of the measured data. The quadratic de-
pendency of the exciton energy to the
external voltage is fitted by the continu-
ous red line. (c) Polariton effective
masses and the Hopfield coefficients
(inset) as a function of the applied gate
voltage.
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with the simulation in Fig. 1(c). From the trace of the
uncoupled exciton energy (depicted in Fig. 3(b)), we can derive
a spectral exciton shift of DE¼ (0.2596 0.005) meV
V2
 U2
(where U is the voltage applied to the sample), which is in
good agreement with the directly calculated value25 of
(0.2586 0.010) meV
V2
for the polarizability of the QW, and
excludes thermal emission shifts via current heating as the
source of the tuning behavior.
As a consequence of the distinct change of the detuning,
we observe a strong modification of the curvature of the
polariton branches (Fig. 3(a)). The extracted effective masses
of the lower polaritons (derived by approximating the disper-
sion with a parabola in the range from k¼0.8lm1 to
k¼ 0.8lm1) are shown in Fig. 3(c)). In fact, we can modify
the effective mass of our polaritons via Stark tuning by more
than one order of magnitude. The according Hopfield coeffi-
cients26 X2 and C2, derived from the measured photon and
exciton energies and the given Rabi splitting, are plotted in
the inset of Fig. 3(c). This furthermore demonstrates the
capability to tune our system from highly excitonic to highly
photonic character via the quantum confined Stark effect.
In conclusion, we present complete electro-optical reso-
nance tuning of QWs coupled to a TP-mode in a hybrid
metal/dielectric structure, operated in the strong coupling re-
gime. The resonance tuning via the quantum confined Stark
effect was studied in detail, revealing a Rabi-splitting of
(9.26 0.2) meV, a spectral shift of the exciton caused by the
external field of DE¼0.259 meV
V2
 U2 and a oscillator
strength of (6.456 0.14) 1012cm2 for the GaAs QWs em-
bedded in the Al0.2Ga0.8As layer. We anticipate that such
electrically tunable hybrid structures can play a crucial role
towards the implementation in polaritonic circuits, switches,
and ultrafast solitonic devices. We furthermore highlight the
possibility to define electro-optical traps and potentials via
the discussed technique, which allows to design tunable
potential landscapes for polaritons and their condensates in
future experiments.
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